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Abstract

The ceramic coatings deposited by Physical Vapour Deposition (PVD) are known for their high hardness. They offer a wide variety of
friction coefficients. They have been used for a number of years for the coating of cutting tools; they have shown high efficiency in this
field. Considering this, some of these coatings might prove efficient in the field of metal rolling. Yet to the best of the authors’ knowledge,
they have never been used industrially for rolling mill rolls. TiBN is one of the PVD coatings with the highest hardness. It is also known for
its anti-adhesive property. In this study, the interest of TiBN in cold rolling is analyzed. In this application, the potential productivity is de-
termined by the maximum pair (reduction, speed) above which seizure and transfer degrade tribological properties. The fatigue resistance
is also studied and therefore, the potential influence of the coating on the roll life under conditions similar to those of rolling. Two well
adapted tribological tests have been used for these two purposes: a plate-on-ring test, and a twin-disk Amsler test. The results of this study
show a high potential of TiBN as coating for rolling mill rolls: good anti-adhesive property, very high resistance to wear and fatigue. It
shows better performance than hard chromium, which is now widely used in this application.

Keywords : Strip rolling, Tool life, PVD coating, TiBN, TiN, Rolling mill rolls, Chromium plating, Tribotests.

Introduction

Two major parameters affecting the cost of reducti
cold rolling are the productivity determined by tpair
"reduction / speed", and the lifetime of mill roliefore the
degradation of their surface state which necessitdteir
regrinding. These two parameters (productivity difet
time) are related to the anti-adhesive propertied &
wear resistance of the rolls. Indeed, under certaimtact
rolling conditions (load, speed, lubrication, temgiare),
metal particles worn from the strips tend to stizkhe roll
surface, changing its roughness, and thereforedhgh-
ness of the rolled strips. This phenomenon of adbées
transfer also generates a complete change in thetigé-
ness of lubrication, due to the change of chengoatpo-
sition of the surface layer of the rolls; it usyaksults in a
sudden increase in the coefficient of friction [Mmiton-
net 2000]. The conditions for the occurrence aidfar are
strongly linked to the nature of the rolls coatif@uld
2011]. On the other hand, the wear resistance eotthat-
ing is essential to maintain as long as possitgertugh-
ness of the rolled strips at the level requiredcbstomers,
thereby reducing the frequency of rolls changeoAting
intended for mill rolls must show good performarioe
terms both of wear resistance and anti-adhesiveepty It
is also necessary for the proposed deposits to Yawd
adhesion to roll steel, and to have good fatigséstance
because of the cyclic nature of stress duringnglli

Apart from uncoated steel rolls, only chromium-
electroplated rolls are used today in industryesfuction
of steel strips. Hard Cr coatings have shown vergdg
performance in this application, thanks to theirdnass
much higher than steels, and their good anti-adbesi
properties. Yet an environmental threat seems g loaer
hexavalent chromium, related to its strong toxi¢Rycas,

2006; NavinSek, 1999). To substitute hard chromiam
this application, coatings must be designed wittigom-
ance as good, or even better.

For many years, ceramic coatings deposited by PuD a
PECVD have been used very successfully to improzarw
resistance of cutting tools, decrease friction rioréase
tools lifetimes [Prengel 2001] [Zhang 2008]. Thesat-
ings are known for their hardness, much higher thenal
chromium; they offer a wide variety of friction dbeients
[Montes de Oca Valero 2002] [Mandibide 2003]. Te th
authors’ knowledge, these coatings have not beed us
industrially for mill rolls. Azushima and Morita $92) and
Jimbo and Azushima (2001) studied TiN as a rollttioga
they concluded that higher reduction could be oleihi
compared with uncoated rolls. TiN performed as vesll
hard Cr. [Ould 2011] however noted that with Tiha-
sive transfer appears at loads of the same ordeviths
uncoated rolls, but lower than with Cr-plated rollthe
difference between the two studies could be pattsib-
uted to different TiN coating roughness. Yet, iirigprob-
able that TiN would allow safe rolling with as larg re-
duction as hard chromium. Anyway, TiN has not been
introduced in the rolling industry since the puhtion of
[Azushima 1992], almost 20 years ago.

In the present study, the interest of TiBN as gingdor
mill rolls is explored. TiBN is one of the PVD coals
with the highest hardness, and it is known foeitsellent
anti-adhesive properties. Its coefficient of frictidoes not
seem either to be incompatible with this applicatidhe
anti-adhesive properties of TiBN and its fatigusis&ance
are studied hereafter and compared with hard clumomi
and uncoated steel, thanks to two well adapted:test
- The first one is a plate-on-ring test: rings arelenaf roll

steel, and plates are cut from strips already calléd or

intended for rolling. The rings may be PVD-coated.

Conditions relevant for strip rolling are met insthest:



temperature, pressure, plastic deformation, lubdnan

the mixed / boundary regime. This test has provéd e

cient to evaluate the anti-adhesive property ofinga.

- The twin-disk Amsler test evaluates the fatiguéstaace
of the coatings, reproducing rather well the cysliess
met by the roll surface in strip rolling, with agsificant
amount of sliding and under very high pressure.

TiBN and TiN PVD coatings have been carried oud at
temperature below 180°C to avoid tempering effeatsl
their mechanical properties have been tested arehdn
Table L

Plate-on-ring test

The plate-on-ring test measures the evolution efdi-
efficient of friction between an axis-symmetricalg and a
plate Fig. 1), at varying load for a fixed rotational speed.
The ring and the plate represent respectively tifileand
the cold rolled steel strip. Plates with variouskhess can
be used, and rings with an active zone of varialxih. In
the present case, the plates are either hot retigus (to
study a first cold rolling pass), or already cablled strips
(to study further cold rolling). The plates are Innin
thickness, the width of the active zone of the ig§ mm.

The speed is first ramped linearly ; the slope duoch-
tion are chosen by the operator. For a given imiati
speed, the load may be changed stepwise duringeste

(Fig. 2); the duration and the load increment are also se-

lected by the operator and are kept constant aligathe
test.

The test can be performed dry or with lubricatibiere,
the ring-plate device is immersed in a two-litraktdilled
with a steel rolling oil Fig. 1). The temperature can be
measured using a thermocouple introduced into ithark
through openings in the lid, at a distance fromdbetact.
It can also be measured on the back of the plateigh a
hole in the support. Two transducers (accuracy %{.1
record the normal force and torque, from which Gmi}’s
friction coefficient is derived. To avoid the contetion
of wear on a very small zone, the plate is givesmall
cyclic movement, the speed of which is negligibtame
pared to the sliding velocity generated by the trotaof
the ring; here, the amplitude is 10mm.

TiBN is PVD-deposited on rings made out of an HSS
steel (1,30%C, 6%W, 5%Mo, 4%Cr, 3%V). The plates ar
cut from rolled strips (high carbon steel C1003)e Thain
characteristics of the materials are givermable 1 Sev-
eral tests have been carried out to evaluate tafficent
of friction of the TiBN coating, and compare it tvitin-
coated rings and chromium-plated rings under thaesa
test conditions. This test should highlight phenoaneften
observed during the rolling process, such as seiand
adhesive transfer (severe wear); it should makessible
to identify the conditions of their occurrence. \&fuld
thus evaluate the influence of TiBN coating on ¢hesn-
ditions, and therefore the potential interest ohgist as a
coating for mill rolls.

Results are provided hereafter for a rotationakdpef
600 rotations per minute (rpm); the load stepsif@ N
every 3 minutes, from an initial 200 I¥ig. 2 gives the

correspondence between average and maximum prgssure
and the load applied, for the uncoated HSS rinbgylh
carbon steel plate. These values are for a Hertmatact;

note however than plate wear tends to give a cordbr
contact, so that the pressure may decrease siymifjc

Figure 1. The plate-on-ring test device.
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Figure 2. Pressure - load correspondence; uncoated HSS
ring against a high carbon steel plate (Hertziartaxt).

Table 1.Characteristics of the materials of this study.

Material Roughness| Scratch test| Hardness | Coating
Ra (um) | critical load Hv Thickness
TiBN-
coated ring 0,12 ym 225N 3600 H 2,1pym
T'N;ﬁg’“ed 0,104 um 65N 2946 HY| 2,7 pm
Crcoated | () 56 1 im 1080 Hy| F4HM
ring
HSS ring 0,054 pm 840 Hv -
2100CDV5 0,041 um 740 Hv .
roller
High-C R
steel plate 0,16 um 300 Hv




An experiment with TiBN has been repeated twiceeund
the same conditions, showing good reproducibilFeyg(
3). It also shows no sudden rise of the coefficightric-
tion until the end of test at 2000N, which would/&de-
trayed surface damage.
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Figure 3. Reproducibility of the plate-on-ring test.
steel plates / TiBN-coated HSS rings / neat rolbiig

HighC

For comparison, for the uncoated HSS ring agaiiggt h
carbon steel plate at a speed of 600 Rpm. (4, curve CF
- HSS), three distinct stages had been observettl (€u
al., 2011):

- first, during the speed ramp, the coefficient atfon p
decreases (stage |); this is attributed to hydradyo
effects;

- then, up to 1 kN, it is relatively stable (stage Il

- finally, @ becomes unstable and increases (stage Il
observing the ring and plate, strong abrasive veeat
adhesive transfer occur (sEig. 6 below).
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Figure 4. Friction coefficient evolution with load. Com-
parison of uncoated, TiBN-coated and Cr-coatedsting

Stage Il has been also observed with TiN-coatadsri
at a disappointingly small load of 900Rig. 5). With TiN,
the stage Il friction growth is more sudden thathwin-
coated rings. The brutality of this transition afte very
stable stage Il makes the phenomenon easy to @baad/
interpret: adhesive transfer has occurred (Oull.&2011).

The effects of adhesive transfer are very negabiogh
on friction (which increases) and on the surfaegestf the
plates (which becomes very heterogeneous). The oomm
practice in strip rolling is to avoid “roll coatihgr “roll
pick-up”, i.e. the formation of these thick transfayers,
e.g. by hard chromium coatings.

Comparing the curves for TiBN, TiN, uncoated HSH an

the reference Cr-plated ringsig. 4 5):

- In stage I, friction is sometimes slowly decreasin
maybe due to continuing roughness decrease by agar,
measured for Cr and TiN; sometimes increasing slowl
(TiBN, HSS), maybe owing to thermal effects andvgro
ing load reducing hydrodynamic oil film thicknesnd
inducing metal transfer for HSS, not with TiBN).

- Stage Ill (severe wear stage) is absent for boBNTi
coated and Cr-plated rings, contrary to uncoategsror
TiN. This first result suggests that TiBN coatintpas
working under large loads, i.e. roll with large wetion.

- Utien < Mo Roughness is certainly a major factor: the
initial roughness of the TiBN coating is substdihtia
lower than that of the Cr-plated rings ¢ga = 0,12um,
whereas Ra = 0,26um)

- Comparing evolutions of pu with load for TiN-coatend
TiBN-coated ringsKig. 5), TiBN allows applying larger
loads without adhesive transfer (above 2000 N with
TiBN, versus 900 N with TiN): these two coatingv@a
quite different potential for mill rolls applicatio
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Figure 5. Friction coefficient evolution with load. Com-

parison of TiBN-coated and TiN-coated rings.

The study of the surfaces of rings and plates leefmd
after the onset of adhesive transfer and severe steavs
the following evolutions of the surface states foé wn-
coated HSS ring and the corresponding pldtes 6):

- before adhesive transfer, the plate surface rowgghgees
down to Ra~ 0,02-0,03um; meanwhile, the roughness of
the uncoated rings seems to increase slightly;

- Adhesive transfer marks the plates with wave- @lesc
shaped features, with a fast, major increase djmoess
from 0,16 to 0,4um;

- Simultaneously, the abrasive wear rate of platesrzo
A test with a TiN-coated ring has also been stopaked

the onset of adhesive transfeig. 78 for better observa-



tion of its influence on the surface states of iamgl plate.
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Figure 6. Influence of adhesive transfer on the surface
state of plate (left) and uncoated HSS ring (righigfore
transfer (a), after transfer (b). Roughness is efi@s Ra
(um). Roughness measurement conditions: samplingHeng
L =4 mm, cut-offAc = 0,8 mm.
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Figure 7. Surfaces state of plates (left) and rings (right)
after tests: TiN-coated with a partial transferelaga), Cr-
plated ring (b) and TiBN-coated ring (c). Roughnéss

guoted as Rapfn). Roughness measurements conditions:

sampling length L = 1,25 mm, cut-of€ =0,25 mm for (a),
L =4 mm,Ac = 0,8 mm for (b) and (c).

A conspicuous difference in the roughness of traepl
(0,02 um versus 0,13um) has been observed between the
zone where transfer has started (lower paRign 78 and
the rest of the contact zone. A major differencehef as-
pect of the plate surface is also observed, togetfth a
darkening of the ring.

The same analysis has been done at the end ofatigists
Cr-plated and TiBN-coated ring$i¢. 7b,0. It shows
that:

- the plate roughness increases with Cr-plated rifigs)
Ra = 0,16 pm to 0,22 pm. On the contrary, it desgea
with TiBN, from 0,16 pm to 0,06 pm. Correspondingly
the wear of the plates during the tests with Ctgola
rings is much faster; but it is necessary to reitelt the
initial roughness of the Cr-plated rings is higliBa =
0,26 um) than that of TiBN rings (Ra = 0,1&n).

The roughness of the chromium plated rings decsease
substantially, from 0,2@m to 0,15um; peaks are erased
whereas valleys are preserved, showing that itéarw
and not filling of roughness by wear debris. By tcast,
the roughness of the TiBN coating is practically- un
changed (initial Ra = 0,12m , final Ra = 0,11im).

The results of the plate-on-ring tests show th&Nri
coating avoids adhesive transfer, which makes pesar
to the uncoated HSS ring and the disappointing TiN.

Compared with the popular anti-adhesive, anti-wesad
chromium coating, TiBN gives lower friction thani its
anti-adhesive property and low roughness. Moreover,
TiBN-coated rings seem to generate less wear gfldtes,
and it is worn itself undeniably more slowly thdre tCr
coating, because of its exceptionally high hardness

Amsler Test

The twin-disk Amsler test evaluates the fatigueisres
tance of a coating under cyclic contact loadinge Tife-
quency is determined by the rotational speeds ieghasn
two identical rollers, 50 mm in diameter and witlumded
contact surfaceHig. 8) so as to obtain a point contact. The
base material is here a cold work tool steel Z100&D
(1%C, 5% Cr, 1% Mo, 0,25% V), either uncoated, or
TiBN or Cr-coated as previouslyigble 1). The two rota-
tional velocities of rollers are different, to wotknder
rolling / sliding conditions. Here, based on slidell ratio
occurring in strip rolling, roller speeds of 380da360 rpm
have been selected, giving a sliding speed of @8
(SRR = 8%). The frequency of local load is therefor
about 6 Hz, and the load on a material elemertefaller
lasts about 0,98 ms at each rotation. Two transduee-
curacy +0,1%) record the normal force and torquemf
which Coulomb'’s friction coefficient is derived. dwypes
of tests have been carried out on this machine:

- a friction test during which the imposed load irases
stepwise from 237,5 N to 1663 N. The selected incre
ment is 237,5 N, the load step length is 30 min(Fés.

9). Apart from the evolution of the coefficient afdtion

with load, the goal is to determine the failuredas the

coating, manifested by a friction peak.



- an endurance test for a fairly long period, abaity f
hours. The load selected here is the last one defoat-
ing failure in the friction test; it is applied mnessively
in the first hour (load increment is 237,5 N anddcstep
length is 10 minutes), then kept constdrig( 10). All
tests are lubricated with neat oil.

a) R& (b

50456 _—
|

.

I\

]

10 -:o,of

Figure 8. A general sketch of the Amsler test (a) and ge-
ometry of the rollers (b).
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Figure 9. Amsler friction test (load increment: 237,5 N
and load step length : 30 min, neat oil lubricati@volu-
tion of the coefficient of friction with increasirigad.

In the friction tests carried out on uncoated, (atex
and TiBN-coated rollers, the evolution of pu withatbis
rather similar to what has been observed in thg-oim
plate testsKig. 9). At the beginning of the testpis sub-
stantially higher than thatds itself higher than fgy. The
evolution with load is also different: for TiBN gs, u
increases with the load before stabilizing. Ondbstrary,
for both Cr-plated and uncoated rings, the coeffitiof
friction decreases and stabilizes. Final, stahilizeeffi-
cients are almost identical (10,09). Both coatings resist
all applied loads, no chipping nor seizure is obserat the
end of the tests.

Therefore, endurance tests have been carried otlteat
maximum load of 1663 N, giving a Hertz average gues
of about 2,2 GPa, for a total duration of fifty hey1,08
1CPcycles). Once the full load is reached, frictioabslizes
again aiu = 0,09 until the endHjg. 10).
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Figure 10. Amsler endurance tests (50 hours, pressure 2,2
GPa, neat oil lubrication).

Z100CDV5

Figure 11. Cross sectional optical microscopy of uncoated
Z100CDVS5 rollers after endurance test. Top Rightsime
contact track. Bottom: inside contact track.

The micrographic analyses of the uncoated rollées a
the endurance tests show intergranular fatigueksraader
the contact zoneg~{g. 11). No crack is detected outside the
contact track. At a load of 2,2 GPa, the Hertz p@rap-
proximately 0,25 mm below the contact surface, much
deeper than the cracks observed here (9 tpn} This
suggests that these are fatigue cracks induceteogntich
more superficial shear stresses due to frictionis lalso
noted that the TiBN coating and Cr coating remairttee
rollers until the end of the tedsFi§. 12 13. However, the
residual thickness of the coatings has been mehstirer
fifty hours tests; it shows a reduction y0,3 um due to
slow abrasive wear. No cracks have been observetieon
coated rollers, either in the coating or beneatftie large
thickness of Cr may have maintained the high sk&ass
area inside this hard and wear-resistant coatmthd case
of the thinner TiBN, the compressive residual stess
generated by the PVD process, with a maximum at the
interface [Mandibide 2003], may be the reason kkie
improved fatigue resistance. However, the mechanisyn
which these coatings improve fatigue resistanceergtes
further study.



thanks to TiBN hardness, the coating roughnessvevol
very slowly.

Therefore, a TiBN coating may substantially incestise
lifetime of the rolls (in so far as it is governky evolving
roughness), even compared to a chromium coating.
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